The Sterling Hill deposit is an isoclinically folded sequence of zinc-, iron-, and manganeserich strata surrounded by the Franklin Marble. The most metal-rich layers are composed of combinations of willemite, franklinitc, zincitc, and calcite; other layers contain calc-silicate minerals and calcite. Structural, petrologic, and geochronologic evidence indicates that the deformation and mineral assemblages observed today were produced during granulite-grade Grenville metamorphism of the deposit at about 1.0 Ga.
Introduction
THE Sterling Hill deposit, and its nearby and similar relative at Franklin Furnace, consist of metal-rich strata which are extraordinary in several ways. First, they are extremely high grade. The overall compo-dition, there is a great diversity of minerals at the deposits; 333 different mineral species have been identified from the deposits and associated rocks (Anonymous, 1990) . Of those minerals, 65 were recognized first at Sterling Hill or Franklin, and 33 have no other known occurrence. The deposits are important sources of minerals for studying zinc and manganese in a wide variety of crystal structures (e.g., Dunn, 1985a; Essene and Peacor, 1987) .
A third feature which makes the deposits noteworthy is the controversy surrounding their genesis. No other deposit is known with the same assemblage of ore minerals and the same chemical composition (Zn • Fe • Mn, essentially free of Pb, Cu, and S). It has been difficult, if not impossible, to offer defensible genetic arguments by drawing analogies with other more common classes of deposits. Arguments for the origin of the deposits have ranged considerably since the first discussions on the topic (Rogers, 1836) covering a variety of both epigenetic and syngenetic hypotheses. Some workers argued that the ores were favorable horizons in the Franklin limestone which were replaced by a reaction with magmatic fluids (Spencer, 1908; Ries and Bowen, 1922; Pinger, 1950; Ridge, 1952) . Others favored a syngenetic timing for mineralization, with metals being deposited on the floor of an ancient sea or in shallowly buried sediments, either as sulfides which were later subjected to oxidation (Wolff, 1903; Tarr, 1929; Palache, 1935) or as zinc-iron-manganese-rich sediments (Callahan, 1966; Metsger et al., 1969; Squiller and Sclar, 1980) . Frondel and Baum (1974) suggested that the metals were volcanically derived.
A major obstacle to understanding the origin of the deposits is the fact that they, along with the rocks which enclose them, were deformed and metamorphosed at approximately 1.0 Ga during the Grenville orogeny. Although the question has been raised whether mineralization predated or postdated the metamorphism, it is now clear that the metals were in place prior to the peak of metamorphism. The evidence supporting this conclusion comes from structural studies which indicate that the Sterling Hill orebody is composed of continuous strata with the same isoclinal folding and mineral lineations as the host rocks (Metsger, 1962; Metsger et al., 1969 ) and mineralogical studies which indicate that at least some of the minerals in the deposits formed at high temperatures characteristic of granulite facies metamorphism (Mason, 1947; Carvalho and Sclar, 1988) . It is clear that the mineralogy of the ores and the rock fabrics within the ore zone result from the regional metamorphism and do not bear directly on the process which concentrated the metals prior to metamorphism. accompanied sedimentation. Both the Losee suite and the gneisses are intruded by plutonic rocks, the majority of which are granitic in composition. Several of the plutonic units have been grouped in the Byram suite. The emplacement of the plutons appears to have accompanied Grenville deformation, and Drake (1984) and have proposed that they are products of partial melting during the Grenville metamorphism.
The tectonic environment represented by the protoliths for the Losee suite, the gneisses, and the amphibolites is not known with certainty. Drake (1984) and have suggested that the protoliths formed on a Proterozoic continental margin, and that the gneiss sequence was originally a clastic wedge which overlay sodium-rich ocean-floor basalts. There is evidence in more recent work, however, that the rocks formed in an extensional environment. Gundersen (1985) has proposed a back-arc spreading basin as the tectonic setting and Drake (1990) a rift basin at the margin of the North American craton.
The dominant structures in the area are westwardverging isoclinal folds with north-northeast-trending axial traces. have identified fold interference patterns and crosscutting foliations which suggest that the rocks were subjected to at least two separate folding events. Hypersthene occurs in some orthogneisses (Baker and Buddington, 1970; Drake, 1984) which indicates that the rocks are granulite facies. Metamorphic temperatures are estimated to have reached 700 ø to 800øC (Mason, 1947; Hewins and Yersak, 1977; Carvalho and Sclar, 1988) . Metamorphic pressures, based on the sphalerite-pyritepyrrhotite and plagioclase-garnet-aluminosilicatequartz barometers, were 4 to 5 kbars (Hewins and Yersak, 1977; Johnson, 1990 ) which indicates that the rocks were buried to a depth of at least 11 to 14 km.
The paragneisses contain two populations of zircon (Eckelmann, 1963; Aleinikoff et al., 1982) which represent 1,550-to 1,790-Ma detrital grains and • 1,000-Ma Grenville metamorphic grains and overgrowths (Aleinikoff et al., 1982) . The syntectonic Canopus pluton yields an Rb-Sr whole-rock isochron of 1,068 ___ 40 Ma (Ratcliffe et al., 1972 , recalculated in Rankin et al., 1983) which may indicate that plutonism was broadly synchronous with the metamorphism. However, as Grauch and Aleinikoff (1985) have pointed out, the Grenville orogeny in the Reading prong-Hudson Highlands may have included multiple thermal events which have not yet been resolved. Post-tectonic pegmatites in the northern Reading prong contain zircons which give dates in the range 965 to 1,023 Ma (Aleinikoff et al., 1982) .
The 4øAr/39Ar release spectra for hornblendes and biotites from the area typically show well-developed plateaus consistent with closure of the minerals during cooling after the Grenville thermal peak. The K-Ar dates for samples with fiat release spectra are in the ranges 937 to 876 and 830 to 782 Ma for hornblendes and biotites, respectively (Dallmeyer et al., 1975) . Dates quoted here have been recalculated using the decay constants in Steiger and Jager (1977) . Assuming that the difference in Ar closure temperature for the two minerals is approximately 300øC (Berger and York, 1981) Sterling Hill is a sequence of strata with the form of a northeast-plunging synform (Fig. 1) . Individual strata are chemically and mineralogically distinct, and they range from centimeters to meters in thickness. Metsger et al. (1958 Metsger et al. ( , 1969 , in prep.) have established the lateral continuity of the strata by tracing distinctive bands, including a thin fluorite-bearing band, some 600 m down the plunge of the synform; and by establishing that the deposit has a macroscopic stratigraphy which continues through both limbs of the synform. The stratigraphic sequence from bottom to top is (1) a willemite q-franklinite q-zincite q-calcite unit, (2) a willemite + franklinite + calcite unit, (3) a calc-silicate unit composed of calcite ___ pyroxene _ garnet _ other calc-silicate minerals, and (4) a horizon of angular fragments of biotite and hornblende gneiss encased in marble. Mineral abbreviations are found in Table 1 . In the fragmental unit, which is referred to as black rock, gneissic banding varies in orientation from one fragment to another indicating that the fragments were rotated after the development of the banding. Metsger et al. (1969) have proposed that the horizon was originally a continuous stratum which was brecciated as the metal-rich strata were folded, and possibly as they sank in an inverted diapirlike fashion, during the Grenville metamorphism. This interpretation implies that the contact between the zincite-bearing unit and the surrounding Franklin Marble (Fig. 1) Although the vast majority of the rocks within the Sterling Hill deposit are free of sulfide minerals, the few sulfide occurrences have important genetic implications, and they warrant description here. The most common occurrence is along faults and fractures which cut the deposit in a number of locations. For example, nearly pure, colorless sphalerite is common within a major east-dipping normal fault zone, the Nason fault, which offsets ore strata by several meters. Sampling and Analytical Techniques Samples were collected throughout the deposit for this study (see Johnson, 1990 , for locations). The majority are from systematic traverses across the ore layers and the enclosing Franklin Marble (Fig. 1) and were obtained from surface outcrops, underground exposures, and drill core. Polished thin sections were used for petrographic and microprobe analysis. For many of the ore samples, polished slabs were used for modal analysis.
Microprobe analyses were obtained using an Acton Laboratories (Cameca) MS64 equipped with a Tracor Northern solid state detector and TN2000 multichannel analyzer. Operating conditions were 15 kV accelerating voltage and 5.0 nA sample current measured on brass. For carbonates, the sample current was reduced to 0.5 nA and the beam diameter enlarged to '-•10/•m. Spectra were collected for 200 s which permitted detection of heavy elements (Z > 9) present at concentrations greater than about 0.1 wt percent. For carbonates, spectra were collected for 100 s. Unknown and standard spectra were compared using a least squares deconvolution technique; K ratios were corrected using alpha factors (Albee and Ray, 1970).
Microprobe standards were selected for their similarity to unknowns. This was particularly important for zinc-rich minerals because zinc imparts a bimodal appearance to the spectrum of background radiation. Failure to select standards for major elements with similar background spectra resulted in poor quality peak deconvolution results. The standards used for analysis of oxide and silicate phases were wollastonite, forsteritc, fayalite, zincian rhodonite, willemite, gahnite, corundum, and rutfie; for carbonate phases the standards used were calcite, periclase, pyrolusite, hematite, and gahnite. Four or more analyzed points (in some cases on more than one grain) were averaged to obtain each analysis.
Analyses were normalized about cations to obtain mineral formulas. Hydroxyl in hydrous minerals and CO2 in carbonates were inferred from stoichiometry.
Iron and manganese are expressed as FeO and MnO
in all mineral and bulk-rock analyses, and the excess oxygen associated with trivalent iron and manganese is not included in the totals. For franklinitc and magnetite, therefore, perfectly accurate analyses will give totals of about 93 wt percent. For bulk rocks, perfectly accurate analyses of franklinitc-and magnetite-free samples will total 100 wt percent, whereas totals for samples with 50 percent franklinitc will be about 97 wt percent.
Samples were prepared for isotopic analysis by crushing and sieving or by using a fine dental drill. To obtain CO2 gas from calcites, aliquots of crushed rock containing 10 to 20 mg calcite were reacted with H2PO4 at 25øC (McCrea, 1950 (Fig. 4) . Vein calcite is commonly less pure than the disseminated calcite which occurs elsewhere in the same stratum (Fig. 5) ; it is readily apparent under ultraviolet illumination because it is nonfluorescent in contrast to the common calcite in the deposit in which manganese induces red fluorescence (Fig. 4) . Vein willemite is commonly more pure than the willemite disseminated in the strata in which fayalite and/or forsteritc are minor components ( Table 7 .
Bulk chemical compositions have been computed for representative ore and calc-silicate samples from microprobe analyses of minerals and modal data. The data show a considerable range of compositions (Table  8) 
Isotopic Characteristics and Zonation
Oxygen and carbon isotopes in ore and gangue minerals Oxygen and carbon isotope analyses were carried out on separated minerals from ten samples of ore ( Table 9 ). The data constitute the first reported analyses of the minerals willemite, tephroite, franklinitc, and zincitc. Individual minerals vary in blsO values from sample to sample spanning the ranges 12 to 18, 7 to 11, 6 to 9, 3 to 11, and 4 to 6 for calcite, willemite, tephroite, franklinitc, and zincitc, respectively. The lSo partitioning is Cal > Wt *-' Tp > Fr > Zc which indicates that the partitioning behavior of tephroite is similar to its isomorphs, forsteritc and fayalite, and that of franklinitc is similar to magnetite (cf. Friedman and O'Neil, 1977). These latter two minerals are both spinel structures, although they are not strictly isomorphous because franklinitc has a normal distribution of cations among octahedral and tetrahedral sites whereas magnetite has an inverse distribution. Zincitc Mineral abbreviations in Table 1 extend Coarse biotite was separated from three rocks for K-Ar age dating. Samples SU36 and SU39 (Table 10) are from the transverse portion of the deposit; biotite in the samples occurs as rims on gahnite-hercynite spinel (Fig. 8d) . Energy dispersive microprobe spectra reveal that the biotite in SU36 is zinc rich and resembles biotite from Franklin described by Evans and Strens (1966) and . Sample SU94 (Table 10) , on the other hand, is from the interior of a biotite + hornblende + plagioclase gneiss fragment in the black rock horizon. Zinc was not observed in a 200-s energy dispersive spectrum which indicates that the zinc concentration is less than • 0.1 wt percent. The biotite is low in A1TM and high in Ti (Johnson, 1990) which is typical of biotites in granulite-grade metaluminous rocks (Guidotti, 1984) .
The K-Ar dates (Table 10) The apparent solubility of aluminum may be a result of complexing with alkalis, a phenomenon which has been described by Anderson and Burnham (1983 The variation in replacement mineralogy from one place to another within the deposit suggests that the concentration of solutes in the fluid was influenced by dissolution and precipitation reactions as it passed through the rocks. At some point, the fluid clearly carried sulfide which precipitated as sphalerite and other sulfide minerals; the source of the zinc may well have been zincitc which appears from textural evidence to have been locally dissolved. Elsewhere, dissolved iron was oxidized to produce hematite. The occurrence of willemite and calcite in veins is evidence that the fluid was locally supersaturated with respect to the two minerals. Further evidence for changing solute concentrations is the variation in the chemical composition of calcite precipitated in veins (Fig. 6) . In principle, the oxygen isotope data in Figure 11 give the temperature, and therefore the point on the retrograde metamorphic path, at which infiltration took place. Mineral pairs which plot on the upper end of the array of data, if they have equilibrated with the fluid, reveal the temperature of exchange in their isotopic fractionation. In practice, the data permit only an approximation. It is uncertain that the minerals in sample J8523 (Table 9) sphalerite q-quartz or zinc sulfate q-quartz, is below 10 -2'9 ( Fig. 14b and d) . (Fig. 14b and c) . Whereas the zincites are relatively pure, tephroites are commonly diluted by other components (Table 4) (Fig. 14d) . If the assemblage is primary rather than a product of retrograde metamorphic fluid infiltration, then it suggests layer-to-layer variation in fo• and/or .• within the deposit. Otherwise, the stability fields delineated above all overlap, and the equilibria considered here neither demonstrate nor preclude layerto-layer variations.
The Franklin Marble surrounding the deposit contains pyrrhotite and pyrite, and it is an environment lower in fo•/• than the ores and related rocks. The fact that willemite and zincite are stable at higher fo•/• than iron sulfides was pointed out previously by Essene and Peacot (1987) . The possibility that the contrast in fodfs• across the ore-host rock contact is a product of a metamorphic process is extremely remote. It is more likely that it is a feature inherited from the protolith for the deposit, and that metal deposition, or the alteration of a preexisting sulfide body, took place in an environment higher in fod• than marine carbonate sediments.
Mineralogy of the protolith
The main minerals in the protoliths for the ore layers can be reconstituted through analogies with oxidized sphalerite deposits and the oxidized facies of Calcite, or a calcium-bearing carbonate, can reasonably be assumed to have been present in the protoliths for the ores because calcite is present in all ore strata and it is the dominant mineral in many strata. The remaining minerals in the protolith can be determined using bulk chemical data. Calc-silicate units, on the other hand, contain sufficient silicon to have accommodated zinc in a smectite mineral (Fig. 15) . In fact, the high silicon concentrations in some samples suggest that a metal-poor silicate, possibly quartz, was present in the protolith for some of the rocks. Two different methods for calculating normative minerals were employed. In the first case, the pro-toliths were presumed to be mixtures of smectite, carbonate, and hydroxide minerals. The procedure for calculating the norms was to assign all silica and a corresponding amount of magnesium, iron, manganese, or zinc to smectite and to assign all trivalent manganese and trivalent iron to a hydroxide mineral (in the common ore assemblages, only franklinite contains significant amounts oftrivalent cations). The remaining metals were assigned to a carbonate mineral. Norms calculated by this method produce a model protolith in which the majority of the zinc is contained in the carbonate mineral; the calculation permits CO2 and a small amount of H20 to be added to the rock.
Characteristics of the metal depositing-oxidizing fluid
In the second case, the protoliths were presumed to be mixtures of the same three minerals. Silica was assigned to smectite, and the carbonate component Yapp (1987) , respectively. Solid solution in these two mineral groups affects their partitioning behavior (e.g., Lawrence and Taylor, 1972) ; however, the magnitude of the effect is small compared with the differences in partitioning between carbonate, silicate, and hydroxide minerals, and it was ignored. Yapp (1990) The second observation which suggests that the ores underwent little infiltration is that willemite and zincite display little evidence of redistribution within or between strata. The retrograde fluid, again, provides an example of the effects which would be expected if the ores had been infiltrated. As was discussed in a preceding section, there is ample evidence that the fluid locally dissolved and removed the two minerals; in some cases willemite was redeposited elsewhere in veins or as replacements. There is little evidence of similar primary redistributions. The integrity of willemite-and zincite-bearing units is well illustrated by the outer zincite band which can be traced for over a kilometer along strike (Fig. 1) . In spite of these observations, the absence of infiltrating fluids cannot be proven. In particular, infiltra- (Gundersen, 1985; Drake, 1990 ) which further suggests that the aforementioned deposits may be appropriate analogues for Sterling Hill. In sum, Sterling Hill and, by analogy, Franklin Furnace owe their uniqueness to the combination of three factors, none of which is particularly unusual in its own right: (1) the deposits were rich in zinc and poor in lead and copper, (2) the metals occurred as carbonate, hydroxide, and silicate minerals rather than sulfide minerals, and (3) the deposits were metamorphosed to the granulite facies. If these conclusions are correct, then there is no reason, a priori, why other deposits with similar mineralogy and chemical composition might not be discovered. Given the abundance of zinc-rich stratiform deposits, and the abundance of stratiform deposits which appear to have formed in oxidizing environments (C. A. Johnson, 1990 ; in prep.), other Grenvillian supracrustal terranes are the obvious places to search.
